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Electrochemical Kinetics Support a Second Coordination Sphere
Mechanism in Metal-Based Formate Dehydrogenase

Marta Meneghello, Alexandre Uzel, Marianne Broc, Rita R. Manuel, Axel Magalon,
Christophe Léger, Inés A. C. Pereira, Anne Walburger, and Vincent Fourmond*

Abstract: Metal-based formate dehydrogenases are
molybdenum or tungsten-dependent enzymes that cata-
lyze the interconversion between formate and CO,.
According to the current consensus, the metal ion of the
catalytic center in its active form is coordinated by 6S
(or 5S and 1Se) atoms, leaving no free coordination
sites to which formate could bind to the metal. Some
authors have proposed that one of the active site ligands
decoordinates during turnover to allow formate binding.
Another proposal is that the oxidation of formate takes
place in the second coordination sphere of the metal.
Here, we have used electrochemical steady-state kinetics
to elucidate the order of the steps in the catalytic cycle
of two formate dehydrogenases. Our results strongly
support the “second coordination sphere” hypothesis.

M etal-based formate dehydrogenases (FDHs) are enzymes
of the Mo/W-bis-PGD family!"! that catalyze the interconver-
sion between formate and CO,,?! at an active site in which
the metal (a W or Mo ion) is coordinated by two dithiolene
ligands coming from two pyranopterin guanine dinucleotides
(PGD), a cysteine or selenocysteine, and an inorganic
sulfide.”™ Although it is now clear that the reaction
catalyzed by FDHs is formally the abstraction of a hydride
from formate to produce CO, (as opposed to the addition of
an oxygen atom to produce bicarbonate),®” the catalytic
mechanism is still heavily debated. The main issue is that a
sulfide ligand completes the coordination sphere of the
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metal to form a six S/Se coordination sphere, and that this
ligand is required for activity.*! As binding of a 7" ligand to
an already saturated 6-S/Se coordination sphere seems
unlikely, it is unclear how the substrate interacts with the
active site.

A first series of putative mechanisms consider that the
proteic ligand of the active site decoordinates so that the
substrate can bind: Raaijmakers and Romao, based on a
structure of E. coli FdhF in which the SeCys is uncoordi-
nated, proposed that this decoordination step is part of the
catalytic cycle.®! A variation on this mechanism, proposed
by Mota and co-workers using DFT computations,” suggests
movement of the proteic ligand from the first to the second
coordination sphere, via the formation of a S—Se or S-S
bond, before complete decoordination in the course of
catalysis. However, these mechanisms are not supported by
the recent structural data obtained by some of us, which
show that the SeCys ligand remains coordinated in all the
redox states of the Desulfovibrio vulgaris Hildenborough
FdhAB,"*'"! making it unlikely that decoordination is a
requirement for catalysis. Another mechanism avoiding a 7-
coordinated Mo/W was proposed by Niks and co-workers,
who observed the formation of a 6-S Mo" species coupled to
a proton originating from formate upon exposure of
FdsABG from Cupriavidus necator to formate. They con-
cluded that formate does not directly bind to the active site
metal, but rather stays in the second coordination sphere,
and transfers a hydride to the molybdenum sulfide ligand.['!

FDHs were first connected to electrodes by Reda and
Hirst in 2008;'? however, the number of articles describing
FDHs directly wired to electrodes has only significantly
increased in the past few years/”! focusing either on
mechanistic studies”'* or on the construction of biotechno-
logical devices.”! Here, we present kinetic data obtained
using protein film electrochemistry with two FDHs, the
recently characterized Bacillus subtilis (Bs) ForCE1™ and
Desulfovibrio vulgaris (Dv) FdhAB,® which allow us to
clarify the sequence of the steps of formate binding and
proton release during catalytic formate oxidation. Our data
strongly support the “second coordination sphere” mecha-
nism, without direct coordination of formate to the metal
ion.

We immobilized Bs ForCE1l and Dv FdhAB onto
pyrolytic graphite edge rotating-disc electrodes, in config-
urations that allow direct electron transfer. This makes it
possible to measure the catalytic activity of the enzyme,
recorded as an electrical current, as a function of various
experimental parameters. This approach is called Protein
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Film Electrochemistry.'”"®! Figure 1A shows a series of
cyclic voltammograms (obtained by sweeping the electrode
potential between two values and plotting the current as a
function of potential) measured at various concentrations of
formate with a film of Bs ForCEl. The electrode was spun
at a high rate to prevent substrate depletion. The current
traces of the forward and backward scans are just offset by
the capacitive current of the electrode (dashed black curve
in Figure 1A), showing that the catalytic response is under
steady-state. Figure 1B shows the baseline-subtracted vol-
tammograms. The shape of each response is simple, with a
sigmoidal increase in an intermediate potential range, and
the linear increase at high potential that reveals a distribu-
tion of enzyme orientation.'”*”! Upon increasing the concen-
tration of formate, the amplitude of the signal increases and
its position shifts to lower potentials.

To quantitatively characterize the effect of the concen-
tration of formate, we fitted a simple model® to the
baseline-subtracted voltammograms. In this model, we
assume that the enzyme active site cycles between three
redox states (IV, V and VI), and that the substrate-bound
VI state reacts in an irreversible manner to produce the IV
state and release the product. The model reproduces the
data with excellent accuracy (gray dashed lines in Fig-
ure 1B). Figure 1C shows that the same model can also be
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Figure 1. Cyclic voltammograms of films of (A- B) Bs ForCE1 and

(C) Dv FdhAB, with increasing concentrations of formate (from red to
blue). A) Raw voltammograms (the black dashed curve is the blank). B)
and C) Baseline-subtracted data (solid colored lines), together with
their fits (gray dotted lines, see text). Conditions: 20 mVs™, pH 7,
T=(A-B) 40°C, (C) 25°C. See full conditions in Supporting Informa-
tion. The raw data for Dv FdhAB and the residuals are shown in
supplementary Figure S1.
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satisfactorily fitted to the data obtained with Dv FdhAB
(see Supporting Information Figure S1 for a plot including
the raw data obtained with Dv FdhAB and the residuals for
both enzymes).

Each fit returns 5 parameters: two reduction potentials:
E¢s (the potential of the VI to V redox couple) and Es, (V
to IV), the corresponding rates of electron transfer (k,”* and
ks, not discussed here), and a i;,/fd, parameter that is
proportional to the limiting current, therefore to the
catalytic rate at infinite driving force.l”?"! Next, we analyzed
how these parameters change as a function of the exper-
imental conditions (formate concentration and pH) to
determine how substrate binding and deprotonation events
are coupled to electron transfer steps.

We first considered the influence of formate concen-
tration on the fit parameters. Figure 2 shows the variation of
the redox potentials (panel A) and of the current (blue
circles in panel C) as a function of substrate concentration
obtained from the Bs ForCEl data shown in Figure 1B.
Figure 2A shows that the V/IV potential (Es,, red circles)
decreases by 60 mV per decade of substrate concentration at
high substrate concentration, indicating that the oxidation
from IV to V is coupled to substrate binding. The VI/V
potential (Egs, green squares) is independent of substrate
concentration, which indicates that the energetics of the V
to VI oxidation are independent of the presence of
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Figure 2. Parameters of the fits to the data shown in Figure 1. In panels
A (Bs ForCET) and B (Dv FdhAB) the red circles correspond to Es,, the
green squares to Egs. Panel C shows the values of iy, /d, for ForCE1
(blue circles) and FdhAB (orange squares). The dashed lines are the
fits of Equations (1), (2) and (3) to the data. The error bars correspond
to the 95 % confidence intervals of the fits of Figure 1.
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substrate, so that the energetics of binding are identical for
the V or VI states. In summary, formate binds with equal
affinity to the two most oxidized states of the active site (V
and VI) [cf. Eq.(2) below], but not to Mo" [Eq.(1)],
resulting in the catalytic cycle depicted in scheme 1.

Scheme 1 predicts the following relations between the
potentials of the V/IV and of the VI/V couples (Es, and
Egs), the potentials of the substrate-free V/IV and VI/V
couples (Es,™° and Egs™) and the binding constants of the
substrate to the V and VI states (K5 and K¢)* (see full
derivation in Supporting Information):

RT S
Es/y = Egr/ef -5 In (1 + %) @

e RT 1+4+[S]/K;

where [S] is the substrate concentration (the FEgs™"™
potential of the substrate-bound active site is not a
parameter of the fit since its value can be deduced from the
other parameters using thermodynamic constraints). The
limiting current is given by:

1
1+ Ks/[S] ®)

where i;,,""/fd, is the value of i;,/fd, under saturating
conditions. The Michaelis constant at infinite driving force is
therefore the equilibrium constant for binding to the VI
state of the active site (K).

By fitting these equations to the data in Figure 2, we
determined the binding constants and the potentials of the
active site transitions without substrate. In the case of Bs
ForCEl1, the results of the fit confirm that the equilibrium
constants for substrate binding to the active site are similar
for both the V and the VI states: Ks=0.66 mM and K=
0.5 mM for the data shown in Figure 2. The value of K is
consistent with the published value of K, of 5mM
determined under different conditions (pH 10, T=25°C!").

This model can also be successfully fitted to the data
obtained by analyzing the Dv FdhAB voltammograms
(Figure 1C), shown in Figure 2 (panel B and orange squares

iim/ Bdo = i/ Bdy X

Efree Efree

M(IV) —=— M(V) M(VI)

ot g Sl
Egys

M(V)S == M(VI)S

Scheme 1. Kinetic scheme used for modeling the dependence of the
potentials on substrate concentration. M is either Mo or W depending
on the enzyme.
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in panel C). The main difference with ForCEl is the
existence of a range of concentration in which the potential
of the VI/V couple decreases slightly, reflecting weaker
binding to the V state than to the VI state. Fitting
Equations (1)—(3) to the data in Figure 2 gives K5=90 uM
and Kq=5uM. These values are also consistent with the
published values of K,, of 17 uM at pH 7.6.") The deviation
between the model and the fitted values of Es, (red circles
in Figure 2) at low formate concentrations arise from the
fact that they are much less accurately determined than the
values of Eys, and hence they were given less weight in the
fit of Equations (1)—(3) to the six data sets in Figure 2.

To learn about proton transfers, we repeated experi-
ments such as those shown in Figure 1 with the two enzymes
at different pH values, and we repeated the analysis
described in Figure 2 for each of those. The results are
shown in Figure 3. The parameters obtained for each pH are
the two potentials of the free enzyme, and the two
equilibrium constants for the binding of formate to the two
most oxidized states. In the case of Bs ForCEl, the two
equilibrium constants have the same magnitude and hardly
change with pH (Figure 3C). E4s™ is independent of pH,
whereas the dependence of Es,™ is —60 mV/pH (Fig-
ure 3A). Together with the data in Figure 2A, this demon-
strates that the Mo' to Mo" oxidation step is coupled to a
deprotonation and to formate binding.

The determination of the Dv FdhAB potentials is less
accurate (because the signal was smaller, and baseline
correction harder), but the pH dependences of Es,™ and
Egs™ shown in Figure 3B (—30 mV/pH in average) are
consistent with the two-electron oxidation of WY being
coupled to the abstraction of a single proton (as in Bs
ForCE1). The two pH dependencies are best explained by
assuming a pK, of 6.5 for the W" state (the dashed lines in
Figure 3B are calculated under this assumption). For both
enzymes, deprotonation and substrate binding occur in the
same step. In the case of Bs ForCEl, they occur when Mo"
is oxidized to Mo", whereas in the case of Dv FdhAB, they
are coupled to either the W"-to-WY or the W'-to-W""'
oxidation, depending on pH. Note that the data of Figure 3B
are consistent with the results of a recent EPR titration of
Dy FdhAB.I"!

The data we obtained by modeling the dependence of
the catalytic wave shape on formate concentration and pH
strongly constrain the possible mechanisms of catalytic
formate oxidation. We observed that the two-electron
oxidation of the active site is coupled to one deprotonation
(as expected from the stoichiometry of the overall catalytic
reaction), which occurs in the (IV) to (V) step independ-
ently of pH in the case of Bs ForCE1, and in one redox step
or the other depending on pH in the case of Dv FdhAB. In
its fully reduced state (IV), the active site does not bind
formate in the concentration range we studied, but formate
binding and deprotonation are coupled to the same redox
step. Therefore, substrate binding is dependent on the
deprotonation of the active site. Furthermore, formate binds
to the (V) or (VI) states with about the same affinity, which
argues against the hypothesis that formate directly coordi-
nates the metal. Similar or even complementary information
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Figure 3. Results of the fits of a series of voltammograms recorded at different pHs for (A, C)Bs ForCE1 and (B, D) Dv FdhAB . A) and B) Potentials
of the substrate-free enzyme: E;,"* (red circles) and Eqs™ (green squares). The red line in panel A corresponds to a 1H*/1e™ coupled transfer.
The curves in panel B correspond to the prediction of a 1TH™/2e™ scheme®® with a pK, of 6.5 for the W" state. C) and D) Binding constants: Ks in
blue, Kg in purple. Duplicate points at pH 7 correspond to distinct experiments.

could probably be obtained by monitoring the CO, reduc-
tion current. However, we focused here on formate
oxidation since it is far harder to change the concentrations
of dissolved CO, than formate, and the CO, reduction
currents we observed are smaller than those of formate
oxidation.

It is remarkable that the potentials of the active site of
Bs ForCEl are significantly above those of Dv FdhAB,
consistent with the shift of the waves towards low potentials
for FdhAB visible in Figure 1. The high potentials of the VI/
V transition is consistent with values of about —160 mV
found for the Mo FDH from Desulfovibrio desulfuricans.*"
The increase in potential for the Mo enzymes is reminiscent
of the observations that substituting Mo by W in the case of
the DMSO reductase led to a decrease of about 200 mV in
the reduction potentials of the active site!®

Our observations support a slight modification of the
“second coordination sphere catalysis” mechanism proposed
by Niks and co-workers!"! that is shown in Figure 4. For Bs
ForCEl, upon starting the cycle from the Mo"'S state,
formate is in the active site pocket with its single proton
close to the catalytic sulfide. Then, the concerted transfer of
the proton to the sulfide and of two electrons to the metal
center produces a CO, molecule, which diffuses away, and
brings the active site in a protonated Mo' state. Formate
cannot productively approach the active site in this state as
long as the proton is bound to the sulfide ligand. Oxidation
to Mo", coupled to deprotonation, allows formate to bind in
a configuration in which proton transfer to the sulfide is
possible. Catalysis proceeds with formate binding and
another one-electron oxidation, which may occur in any
order (formate binding first or oxidation first).

This mechanism also applies to Dv FdhAB (replacing
Mo by W), with one small modification: the pK, of the WY
species is high enough that deprotonation is not necessarily
coupled to oxidation to WY, but, depending on pH, can also
occur only during the oxidation to WY™. Only then can the
substrate bind. This observation is compatible with the

Angew. Chem. Int. Ed. 2023, 62, €202212224 (4 of 6)

observation by Niks etal. of a formate-derived proton
coupled to a Mo" signal"l in the case of Cupriavidus necator
FdsAB. It is also in line with the lower affinity of the W
state for the substrate, and suggests that substrate binding
may shift the deprotonation equilibrium.

In recent years, various data have been published in
favor of the “second coordination sphere” mechanism, such
as evidence for the lack of decoordination in all redox states
of Dv FdhAB*!! the formation of a 6-S Mo" species
coupled to a formate-derived proton after exposure of
Cupriavidus necator FdsAB, but also a number of theoret-
ical works suggesting that direct binding of formate to Mo is
prohibitively endergonic.”**) Robinson and co-workers
proposed that the decoordination of the SeCys corresponds
to a reductive activation step observed in
electrochemistry;'¥ however, the closely related periplasmic
nitrate reductase also undergoes a reductive activation!®!
that was shown to arise from a change in the pterin cofactor
rather than a change in metal coordination.”? Other
evidences of decoordination were obtained with Rhodo-
bacter capsulatus FDH. The cysteine ligand to Mo was
shown to be alkylated, but only in the presence of nitrate.’"!
It was further shown by X-ray absorption spectroscopy to
change active site ligands upon exposure to formate.!!
However, recent IR data show that the competitive inhibitor
azide binds to the second coordination sphere,” which is
compatible with the mechanistic proposal of Figure 4. Here,
the observation that the binding constants for formate from
the (V) and (VI) states are almost identical is a strong
argument against the direct coordination of formate to the
metal.

The mechanism shown in Figure 4 is strikingly reminis-
cent of that of metal-free formate dehydrogenases, which
transfer a hydride from formate to NAD *.[*¥} However, it is
not appropriate to think of the Mo/W active site as a
“substitute” for NAD™": as emphasized by Yang and co-
workers, the FDH reaction is not a hydride transfer, but
rather the concomitant transfer of a proton and two
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Figure 4. Proposed catalytic mechanism. M can either be Mo or W.

electrons, with two different targets.’” This separation is
necessary because metal hydrides with sufficient hydricity to
reduce CO, can unfortunately only be reduced at potentials
incompatible with the catalytic reversibility™®! of FDH.

Supporting Information

Procedures for protein purification, experimental conditions,
derivations of Equations (1)—(3) and Supporting Informa-
tion Figure S1.
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